Many flowering plants possess a self-incompatibility system to prevent inbreeding. In Brassica rapa, self/ non-self recognition in mating is established through S-haplotype-specific interactions between stigma receptors and S-locus protein 11 (SP11, also called S-locus cysteine-rich protein) that is encoded at the highly polymorphic S-locus. Here we describe the solution structure of the SP11 protein of the S 8 -haplotype (S 8 -SP11), which specifically binds to the stigma factor of the same haplotype. It folds into an ␣/␤ sandwich structure that resembles those of plant defensins. Residues important for structural integrity are highly conserved among the allelic SP11s, suggesting the existence of a common folding pattern. Structure-based sequence alignment and homology modeling of allelic SP11 identified a hypervariable (HV) region, which is thought to form a loop that bulges out from the body of the protein that is amenable to solvent exposure. We suggest that the HV region could serve as a specific binding site for the stigma receptor.
Self-incompatibility (SI)
1 is one of several mechanisms available to flowering plants to prevent inbreeding and thereby promote out-crossing (1). SI is based on self and non-self discrimination processes between pollens and stigmas, followed by selective inhibition of self pollen germination and/or growth. For Brassica rapa, the SI system is controlled sporophytically by multiple haplotypes at a single locus, termed the S-locus. Recognition between pollen and stigma is achieved by gene products of the S-locus, which contains three highly polymorphic genes: SP11/SCR (2, 3), S-locus receptor kinase (SRK) (4) , and S-locus glycoprotein (SLG) (5, 6) . SP11 encodes a small cysteine-rich protein that determines the S-haplotype specificity of pollen, whereas SRK encodes a transmembrane receptorlike serine-threonine kinase that determines the S-haplotype specificity of the stigma. SLG is an abundant cell wall-associated glycoprotein similar in sequence to the extracellular domain of SRK.
Among these pollen and stigma factors, SRK and SLG, the female factors, exhibited several features typical of SI factors. They are predominantly expressed in stigma papilla cells immediately prior to flower opening concomitant with the acquisition of SI in the stigma. Their sequence variations are correlated with the S-haplotypes. Following the accumulation of such circumstantial evidence, "gain-of-function" experiments employing transgenics established that SRK alone determines the S-haplotype specificity of the stigma, whereas SLG facilitates the recognition process (7) . In contrast to these female factors, the identification of the male S determinant remained elusive. Two approaches were used for its eventual identification: one approach concerned the genome analysis of the Slocus region to identify genes specifically expressed in anthers (8) , whereas the other employed a fluorescent differential display methodology to identify anther-expressed genes that were specific for the S-haplotype (9) . These investigations identified SP11 as a candidate for the male determinant in Brassica. Confirmation was provided through the use of transgenic gainof-function experiments and a pollination bioassay using purified SP11 (3, 9) .
SP11 is predominantly expressed in anther tapetum and accumulates in the pollen coat during pollen maturation (10) and exists as a monomer in the pollen coat, forming four intramolecular disulfide bonds (11) . Chemically synthesized S 8 -SP11 has been shown to specifically bind to the stigma membrane of the S 8 -haplotype with high affinity (K d ϭ 0.7 nM) (11, 12) . A chemical cross-linking experiment suggested that the S 8 -SP11 binding site in the stigma membrane was composed of SRK 8 and SLG 8 (or its relatives) (11, 12) . The binding of SP11 to the stigma cell membrane was shown to induce the autophosphorylation of SRK, which is likely to trigger the signaling cascade that results in the rejection of self-pollen. This ligandreceptor interaction occurs in an S-haplotype-specific manner, serving as the molecular basis for self-pollen recognition (11) .
Whole genome analyses of Arabidopsis thaliana suggested that more than 340 genes encode serine/threonine receptor-like kinases (13) . Studies have begun to reveal the involvement of these receptors in intercellular signaling pathways that mediate a wide variety of physiological events in plants (14) . Nev-ertheless, only a limited number of extracellular ligands for the receptors have been identified (15) . To date, no reports have been published concerning the tertiary structure of the plant receptor kinase or its ligand. Insofar as these receptor kinases are concerned, the interaction between SP11 and the stigma receptor is one of the best characterized at the molecular level (14, 15) .
As a first step toward understanding the SI mechanism, we present here the solution structure of S 8 -SP11. Based on the structure and structure-based sequence alignment of allelic SP11s of different S-haplotypes, we identified a loop region that might determine the allele-specific binding to the stigma receptors. Although S 8 -SP11 adopts a fold similar to plant defensins, the edges of the loop region are extensively stabilized by disulfide bonds and hydrophobic packing. This feature seems unique to SP11 and thus could be used as a fingerprint to identify SP11s and thus distinguishing them from defensins and other PCP (pollen coat protein) family proteins.
EXPERIMENTAL PROCEDURES
NMR Spectroscopy-The mature form of S 8 -SP11, a 50-residue peptide without signal sequence, was used for this study. The chemically synthesized peptide fragment was prepared, and the disulfide bond arrangement was determined as previously described (11) . The fragment was shown to specifically bind to stigmatic microsomal membrane that contains cognate receptors, and the activity was examined by a pollination bioassay (11) . The lyophilized sample was dissolved to 0.5 mM in 50 mM potassium phosphate buffer containing 50 mM KCl in either 95% H 2 O/5% 2 H 2 O or 99.8% 2 H 2 O at pH 6.5. All proton NMR spectra were recorded on a Bruker DRX-800 spectrometer equipped with a pulsed-field gradient probe at 10 or 30°C. All two-dimensional NMR spectra were acquired in a phase-sensitive mode employing a States-TPPI manner. TOCSY spectra were recorded using a DIPSI-2 isotropic mixing sequence with a field strength of 9.6 kHz. Water suppressions in both TOCSY and NOESY were achieved by the WA-TERGATE scheme (16) . DQF-COSY spectra were acquired using gradient coherence selection. The identification of spin systems and sequential resonance assignments were carried out by DQF-COSY, TOCSY recorded with a mixing time of 70 ms, and NOESY recorded with a mixing time of 80 or 150 ms. In an effort to identify slow exchanging amide protons, TOCSY spectra were measured at 10°C immediately after the lyophilized sample was dissolved in 99.8% 2 H 2 O. Lorentz-to-Gauss transformations or shifted sine-bell window functions were applied to the NMR data before zero-filling and Fourier transformation. The processing was performed using the NMRPipe package (17) . NMR spectra were analyzed using SPARKY version 3.106 (18) . Chemical shifts were referenced to 4.4-dimethyl-4-silapentane-1-sulfonate.
Structure Calculations-The structure of S 8 -SP11 was calculated using CNS version 1.1 (19) . In the first step, low resolution structures were calculated using distance, hydrogen bond, and dihedral angle restraints. Distance restraints were obtained from unambiguous NOEs, hydrogen bonds were estimated from slow exchanging amide protons, whereas dihedral angles were derived by 3 J HNH␣ coupling constants obtained from the DQF-COSY spectra. The angle restraints were classified to Ϫ60°Ϯ 25°for 3 J HNH␣ Ͻ 6 Hz, and 120°Ϯ 25°for 3 J HNHa Ͼ 10 Hz. In the second stage, the protein structures were further refined using ARIA version 1.1.2 (20) with additional restraints, including those derived from ambiguous NOEs, and and 1 angle restraints. The 13 angle restraints were applied for residues in ␣-helical and ␤-strand regions that were estimated by NOE patterns and low resolution structures obtained through the first calculation step. The angles were restrained to Ϫ50°Ϯ 35°in the ␣-helical regions and 135°Ϯ 35°in the ␤-strand regions. The side-chain 1 angles were derived by 3 J H␣H〉 -coupling constants obtained from DQF-COSY, and NH-H␤ and H␣-H␤ NOE patterns obtained from NOESY spectra with a mixing time of 80 ms. Finally, six 1 angles were restrained to 60°Ϯ 25°. A total of 100 structures were refined in the final (ninth) iteration, and the 30 lowest energy structures were analyzed using MOLMOL (21) and PROCHEK-NMR (22) .
Sequence Alignment and Homology Modeling-Tertiary structures of other haplotype SP11s were modeled using the NMR structure of S 8 -SP11 as a template. Sequences (42) were initially aligned against that of S 8 -SP11 so that all of the cysteines lay in the same positions using ClustalW version 1.4 (23) of the Bioedit package (24) . Homology models were then generated by using the MODELLER program (25) . The sequence alignment was changed manually in an iterative manner until the scoring function of MODELLER reached a minimum value. The modeled structures were superimposed using the "nalgn" utility of the Jackal package version 1.5. 2 The possibility that Cys-36 in S 26 -SP11, an additional cysteine located in the unaligned region, was involved in disulfide bond formation was also examined. This was achieved by aligning Cys-36 in S 26 -SP11 at cysteine positions of other sequences known to be involved in disulphide bond formation. Homology structures were then generated. The modeled structures displayed severe steric clashes and were unable to assume reasonable folding. Based on these observations, we concluded that Cys-36 of S 26 -SP11 was not involved in disulfide bond formation.
RESULTS
Resonance Assignments-Proton resonance assignments of S 8 -SP11 were obtained by using two-dimensional DQF-COSY, TOCSY, and NOESY spectra. Backbone assignment was carried out by a sequential resonance assignment procedure according to Wü thrich (27) . Fig. 1 shows the NOE sequential walk using cross-peaks between H␣ and amide protons. The presence of well dispersed resonance peaks in both dimensions indicated that S 8 -SP11 was highly structured. The threestranded ␤-sheet was readily characterized by H␣-H␣ NOE cross-peaks between strands and strong intensities of the NOE 2 trantor.bioc.columbia.edu/ϳxiang/jackal/. 8 -SP11 with the lowest energies (residues 6 -50 are displayed), calculated using CNS version 1.1 with ARIA version 1.1.2. This figure was generated by using MOLMOL (21) . B, ribbon drawings of the representative structure of S 8 -SP11 in two different views. The molecular orientation in the left-hand image is almost the same as in A, and the right-hand image is obtained by a 90°rotation about the vertical axis. The triple-stranded ␤-sheet and the ␣-helix are depicted in blue and red, respectively. The disulfide bonds are depicted as ball-and-stick models with residue name, and the H␣ atoms of Gly-14 in type II ␤-turn are also drawn.
cross-peaks between H␣ and the amide proton of the subsequent residues. The resonances of the unique helix were also assigned by characteristic medium-range NOEs. The observation of sequential d␣␦(i, i ϩ 1) connectivity clearly indicates that the unique proline residue at position 29 adopts a trans conformation. All proton assignments were obtained except for those of the first three N-terminal residues (residues 1-3), whose backbone signals were not observed in the spectra possibly due to conformational exchange.
Structure Determination-The structure of S 8 -SP11 was determined from a total of 674 NMR-derived distance and torsion angle restraints. The four disulfide bonds previously identified through proteolytic analyses (11) were implemented in the molecular topology file. To refine the structure obtained from the CNS calculation using unambiguous restraints, ambiguous restraints were gradually added to the input of the ARIA calculation (20) . With this process we could add 84 distance restraints. The statistics for the 30 lowest energy structures are shown in Table I . The backbone and side chains in the protein core have been well defined, except for the N-terminal residues and part of the loop regions (residues 1-5, 29 -32, and 38 -41). Structure Description of S 8 -SP11-The tertiary structure of S 8 -SP11 has a compact fold, with the N and C termini located near each other. It folds into an ␣/␤ sandwich structure comprising a layer of a twisted three-stranded ␤-sheet backed by another layer formed by an ␣-helix with loops flanking it (Fig.  2B) . The layers are united by two disulfide bonds between cysteine residues 16 -35 and 24 -45, forming an ␣/␤ barrel (Fig.  2B) . Another disulfide bond between Cys-33 and Cys-47 seems important for the stabilization of the ␤-sheet, because it bridges the N-and C-terminal ends of a ␤-hairpin segment formed by strands ␤2 and ␤3 and their connecting loop, termed loop L2 (Fig.  2B) . Finally, the fourth disulfide bond between Cys-6 and Cys-50 bundles the N-and C-terminal segments of this protein (Fig. 2B) .
Several residues make close contacts with the disulfide bondforming residues, thereby establishing the hydrophobic core. Tyr-28 is a key residue for maintaining structural integrity through its multiple interactions. It makes hydrophobic contacts on one face with the sulfur atom of Cys-47 and on the other face with the aliphatic side chain portions of Leu-27 and Arg-8 (Fig. 3) . This contact presumably results in the unusually up-field chemical shift of the H␥ resonance of Leu-27 (0.60 ppm) due to a ring current shift caused by the aromatic ring of Tyr-28. Another contribution to the protein core was made by the side chain of Thr-34, whose hydroxyl oxygen accepts a hydrogen bond from the main chain amide group of Cys-35 (Fig. 3) .
Two segments connecting the helix to the sheet display distinct structural features. The N-terminal flanking segment of the helix connects it to stand ␤1 through a type II ␤-turn at Gly-14 to Thr-17 (Fig. 2B ). This is characterized by positive and angles of Gly-14 and Cys-16 ( ϭ 100°Ϯ 4°and ϭ 52°Ϯ 7°for Gly-14, whereas ϭ 52°Ϯ 2°and ϭ 55°Ϯ 5°for Cys-16, calculated from the final 30 lowest energy structures). The presence of Gly-14 and the disulfide bond between Cys-16 and Cys-35 are both probably indispensable for the formation of a stable type II ␤-turn at this position. In contrast, the C-terminal flanking segment of the helix (residues 29 -32), and described as loop L1, contains no regular secondary structure. This loop bulges out from the body of the protein and creates a lobe on the protein surface (Figs. 2 and 3) . Loop L2 resides at the opposite surface from loop L1, connecting strands ␤2 and ␤3 (Fig. 2) .
Structure of Allelic SP11s-Residues important for maintaining the structural integrity of S 8 -SP11 are highly conserved among the allelic SP-11s of various S-haplotypes.
Eight cysteines at positions 6, 16, 24, 33, 35, 45, 47, and 50 are mostly invariant throughout the SP11s. An aromatic residue is well conserved at S 8 -SP11 Tyr-28, which contributes to the hydrophobic core of the protein by mainly associating with disulfide bond-forming residues. Gly-14 is totally conserved in the allelic SP11s, which enables the formation of a type II ␤-turn at residues 14 -17 of S 8 -SP11. These observations suggest that the allelic SP11s maintain an overall similar structure.
Assuming a similar overall structure, we performed homology modeling of SP11 of the various haplotypes using MOD-ELLER (25) . Distance restraints derived from the coordinate of S 8 -SP11 and energy minimization using CHARMM force field (28) were implemented for the modeling. Superimposed models display similar global folds to S 8 -SP11, except for loop L1 that connects the helix and strand ␤2 (Fig. 4B) . This loop contains a high degree of insertion and deletion among allelic SP11s.
Hyper-variable Region and Conserved Exposed Hydrophobic Residues-The model structures of allelic SP11 indicate that sequences in loop L1 are more variable in length than in any other region, which we have designated as the hyper-variable (HV) region (Figs. 4 and 5B). Amino acids in the HV region tend to be rich in charge and, in particular, positive charge. Sandwiched by conserved aromatic and cysteine residues at positions 28 and 33 (using the S 8 -SP11 numbering), the HV region bulges out from the top of the ␣/␤ barrel of the model structures, providing additional protein surfaces (Figs. 2B and 4B) . Consistent with our model structures, the PHD secondary structure prediction server (29) gave high scores of loop structures for the HV region of all known SP11s.
Allelic SP11s of all haplotypes, except for S 48 , possess a hydrophobic amino acid at either position 10 or 44, or both (S 8 numbering; Fig. 4A ). Residues at these positions are located adjacent to each other at the protein surface opposite to the helix in the structure of S 8 -SP11 and the model structures of other haplotypes (Fig. 6) . Therefore, SP11 commonly possesses a hydropho- bic patch at this position. Tyr-7 (S 8 numbering) of S 48 -SP11 is also located at the protein surface opposite to the helix.
DISCUSSION
Structure Comparison with a Plant Defensin-We searched for proteins whose folds were similar to that of S 8 -SP11 using the DALI server (30) . This analysis revealed that there is no previously determined structure with Z scores Ն 2.0, suggesting that S 8 -SP11 is like no other structure in the data base. A defensin family protein, Rs-AFP1, gave the highest Z scores of 1.8.
Despite the low DALI Z scores, the global fold of S 8 -SP11 is similar to those of defensins. The structures of three plant defensins, Rs-AFP1, ␥1P-thionins, and ␥1H-thionins, have thus far been determined, all of which have an identical disulfide bond topology to that of S 8 -SP11 (31, 32) . Fig. 5A compares the structure of Rs-AFP1 with that of S 8 -SP11. The fold of Rs-AFP1 shows similarity to that of S 8 -SP11, where both are composed of a three-stranded anti-parallel ␤ sheet and an ␣ helix. Topology of the secondary structure elements and paring of the ␤-strands are identical (Fig. 4B) . The r.m.s.d. between S 8 -SP11 and Rs-AFP1 (Protein Data Bank code: 1ayj) is 1.86 Å over 18 C␣ coordinates for residues in the regions of secondary structure elements (S 8 -SP11 residues 12, 13, 35, 36, 42-45,  and 18 -27) .
In contrast to the aforementioned similarities, the position of FIG. 4 . Alignment of primary and tertiary structures of allelic SP11s. A, structure-based sequence alignment of the allelic SP11s of pollen-dominant S-haplotypes. The secondary structure elements of S 8 -SP11 are shown schematically at the top. HV denotes the hyper-variable region. The residues corresponding to the secondary structure of S 8 -SP11 are shown using a cyan background. The hydrophobic and charged residues in the HV region are depicted in yellow and green, respectively. The hydrophobic residues correspond to either position 10 or 44 (S 8 numbering) are depicted as an open yellow box. Highly conserved residues are depicted in red. B, superimposed model structures of allelic SP11s. Only backbone traces are shown. All hydrophobic and charged residues are depicted in yellow and green, respectively. The molecular orientation in the left-hand image is almost the same as in Fig. 2A, and the right-hand image is obtained via a 180°rotation about the vertical axis. one of the disulfide bonds in relation to the secondary structure elements is different. In Rs-AFP1, the bond between the fourth and seventh cysteine residues (Cys-25 and Cys-47) links the C-terminal segments of the unique ␣ helix and strand ␤3, establishing the close association between the helix and the strand (Fig. 5B) . In S 8 -SP11, the corresponding disulfide bond is formed between Cys-33 and Cys-47, and facilitates the association of the ends of a ␤ hairpin comprising ␤2-L2-␤3. The sulfur atoms in the bond make hydrophobic contacts with the aromatic ring of Tyr-28, bringing the C terminus of the ␣ helix near the terminus of the ␤ hairpin (Fig. 3) . Consequently, the association of the helix and strands ␤2 and ␤3 are established through the hydrophobic and disulfide bond linkages. This feature is unique to S 8 -SP11 and is not observed in defensins (Fig. 5B) . The high conservation of aromatic residues at position 28 in the allelic SP11s suggests that the hydrophobic and disulfide bond linkage are conserved throughout the allelic SP11s. In contrast, no aromatic amino acid is found at the corresponding position in defensin sequences, indicating the absence of such a hydrophobic and disulfide bond linkage. Thus, the presence of an aromatic residue at position 28, together with the position of the fourth cysteine (for S 8 -SP11, Cys-33), could be regarded as a fingerprint of SP11s, providing a means of distinguishing SP11-type peptides from defensins. Notably, these fingerprint residues are observed in SP11 peptides from Arabidopsis lyrata (33) . In contrast, the sequence of PCP-A1, a 55-residue peptide containing eight cysteines, does not display such features. Consistent with the aforementioned discussion, the PCP-A1 gene has been shown to be non-SI, although the peptide product is a member of the pollen coat proteins that interact with SLG (34) .
Hyper-variable Region-Structure-based sequence alignment of all haplotype allelic SP11s resulted in the identification of the HV region. The flanking residues of the HV region of S 8 -SP11, Tyr-28 and Cys-33, are tightly packed to each other through the hydrophobic contacts between the side chain of Tyr-28 and the disulfide bond between Cys-33 and Cys-47, which form part of the protein core (Fig. 3) . It seems that the protein core is resistant to structural change around the HV region owing to the close association of these residues surrounding HV region. These residues are highly conserved throughout the SP11 peptides, suggesting that this structural feature is conserved throughout the allelic SP11s. Therefore, it is attractive to speculate that the stabilization of these residues could allow the HV region in allelic SP11s to adopt various lengths. In contrast, the tight association of the N-terminal segment of the second ␤ strand with the ␣ helix is not observed in the Rs-AFP1 structure. The loop connecting these secondary structure elements of Rs-AFP1, which corresponds to the HV region of S 8 -SP11, displays less length variability than SP11 (35) .
The stabilization of the flanking residues of the HV region is reminiscent of the H3 loop in the complementarity determining regions (CDRs) of immunoglobulins. Like the HV region of SP11s, CDRs display high degrees of variation in length and sequence, with lengths ranging from 3 to 25 residues. 3 This length variation is thought to be facilitated through the stabilization of CDR flanking segments through disulfide bonds or hydrophobic interactions mediated by conserved cysteine or tryptophan residues. Interestingly, both SP11 and immunoglobulins are involved in self/non-self recognition, where CDR H3 plays an important role in the recognition of antigens by immunoglobulins (37, 38) .
The allele-specific discrimination of SP11 by the stigma receptor is quite stringent. S 8 -SP11 binds to the stigma membrane of the same haplotype with a K d value of 0.7 nM, whereas no meaningful binding was observed for the non-cognate receptors. Therefore, it would be reasonable to assume that such a large difference between homo-and hetero-allelic SP11-receptor interactions would be conferred by the structural variation 3 A. C. R. Martin, www.bioinf.org.uk. The orientation of the molecules is almost the same as in Fig. 2A . B, the schematic representations of secondary structure elements and disulfide bonds of S 8 -SP11 and Rs-AFP1. In S 8 -SP11, the ␤␣␤␤ fold consists of strand ␤1 (residues 12 and 13), strand ␤2 (residues 35 and 36), strand ␤3 (residues 42-45), and the ␣-helix (residues 18 -27). In Rs-AFP1, the ␤␣␤␤ fold consists of strand ␤1 (residues 2-6), strand ␤2 (residues 33-38), strand ␤3 (residues 43-50), and the ␣-helix (residues 18 -28).
FIG. 6. The putative receptor binding sites. The HV region and the common hydrophobic patch, depicted in red and orange, respectively, are mapped on the molecular surface of S 8 -SP11 (right-hand image). The ribbon drawing viewed in the same direction is also represented (left-hand image). The orientation of the molecule is rotated from those shown in Fig. 2A by 180°about the vertical axis. These graphics were drawn with GRASP (36) and MOLMOL (21) . of SP11. Thus, we speculate that the HV region of SP11s could serve as a binding interface with the stigma receptor, SRK. This region consists mainly of hydrophobic and charged residues, which have been often observed in protein-protein interfaces (39, 40) .
The HV region of S 8 -SP11 is the shortest among all the known SP11s, which contributes a protein surface area of 470 Å 2 . Data base analysis has shown that the average interfacial buried surface for protein-protein interactions is 1600 Ϯ 400 Å 2 (41) . The area of the interaction surface stemming from the HV region of S 8 -SP11 is probably too small to confer the high affinity observed with the stigma receptor. Therefore, it is assumed that the protein surface outside of the HV region could function as an additional interface. A possible candidate site for this could be a surface-exposed hydrophobic residue at either position 10 or 44, which may serve as an allele-nonspecific interaction with the receptor, because it would create a conserved hydrophobic patch at a similar position on the protein surface (see "Results"). We suggest the possibility that this conserved hydrophobic surface patch, in combination with the HV region, forms the interfacial surface that confers the efficient and specific binding with the stigma receptor. Future experiments are needed to address this issue.
CONCLUSION
In the present study, we have determined the solution structure of S 8 -SP11. The overall structure of S 8 -SP11 is similar to that of the defensins except for loop 1. Homology modeling of allelic SP11 and structure-based alignment identified this loop as a hyper-variable (HV) region in allelic SP11s. The presence of the HV region probably results from the disulfide bond between cysteines 33 and 47 and tyrosine 28, which are conserved among all the allelic SP11 S-haplotypes. Thus, the presence of these residues is regarded as a characteristic feature and may be used to distinguish SP11s from other eight cysteine-containing peptides such as defensins and PCP-A1. Residues in the HV region are likely to be responsible for imparting the allele-specific interaction with receptors. To the best of our knowledge, this is the first structure determination of known ligands for a large family of serine/threonine receptor kinases in plants, which were recently identified through genome analyses (14) . Thus, the present structure determination may provide a molecular basis for our understanding and search for new protein ligands of these receptors.
